•mx expression was stable or slightly up-regulated in carp after β-glucan treatment.
Introduction
Additional strategies in disease prevention in cultured fish species are required, especially against viruses since diseases caused by these pathogens have a significant economic impact and are a major threat to the profitability and sustainability of the aquaculture industry (www.oie.int/en/international-standard-setting/aquatic-code). One important strategy is to increase the innate immune system using immunostimulants, such as β-glucans, as feed supplements [1] . β-glucans are glucose polysaccharides that are connected by β-glycosidic bonds or d-glucose molecules which are repetitively linked at a specific position. In particular, β-1,3/1,6 glucans have been shown to be potent immunomodulators able to reduce the susceptibility to infection in fish against a wide array of pathogens, including bacteria [2] , [3] , [4] , [5] , [6] and [7] , parasites [8] and viruses [9] and [10] .
Although the protection conferred by β-glucans against viral infection has not been extensively reported in fish, recent studies have indicated that fungal derived compounds may induce significant protection against viral infections. For example, in Pacific herring (Clupea pallasii) fed β-glucan-supplemented diets approximately 50-80% protection against viral hemorrhagic septicaemia rhabdovirus (VHSV) was noted [10] and about 60% protection occurred against grass carp haemorrhage reovirus (GCHV) in grass carp (Ctenopharyngodon idella) [9] . In the latter study several immune parameters, i.e. superoxide dismutase and catalase enzyme activity were increased in the fish fed with the β-glucan-supplemented diet in comparison to control groups. Also, mx transcript levels, commonly used as reporter of type-I IFN induction, in the spleen, induced after poly(I:C) injection, were higher and persisted for longer in fish fed with β-glucan supplements.
The immunostimulatory and antiviral activity of β-glucans could be mediated by the modulation of pro-inflammatory cytokines and chemokines gene expression profile. However, in a previous study [11] we reported that the gene expression levels of several inflammation-related cytokines (i.e. il1β, m17, il10, tnfα1 and tnfα2) in common carp (Cyprinus carpio) were reduced when administering β-glucan (MacroGard®) as a feed additive.
To better understand the antiviral action induced by β-glucans in carp, MacroGard® was administered daily prior to intra-peritoneal injection with polyinosinic:polycytidylic acid (poly(I:C)), a well-known double-stranded RNA mimic that triggers a type-I interferon (IFN) response. Subsequently, a set of immune related genes including mx, commonly used as reporter of type-I IFN induction, were analysed. Poly(I:C) injection markedly increased mx gene expression in samples from β-glucan fed fish but hardly in samples from fish fed control feed. In an attempt to explain the high induction of Mx, we studied Toll-like receptor 3 (TLR3) gene expression in these carp. TLR3 is considered an important, although not the only, pattern recognition receptor the recognition of viral double-stranded RNA and consequent triggering of a type-I IFN response leading to the expression of Mx, among other interferon stimulated genes (ISGs) (REF) . Through genome data mining, two sequences for carp tlr3 were retrieved (tlr3.1 and tlr3.2) and further characterized at the molecular level and their expression levels analysed. The data in our study identify Tlr3 as an important mediator involved in the immunostimulatory effects triggered by β-glucan-supplemented diets. The implication for the aquaculture sector regarding increased protection against viral infections is discussed.
Materials and methods

Experimental design
European common carp (C. carpio carpio) (average weight of 40 g) were obtained from a commercial supplier (Fair Fisheries, UK) and kept in individual tanks with circulated dechlorinated aerated water at 22 °C under a 12 h/12 h light/dark cycle.
Initially, for the acclimatization period fish were divided into 2 groups and fed 1% bodyweight per day of a MacroGard® free control diet for two weeks. At this point, one group of fish was kept on the control diet (lacking MacroGard®) while the other one received a diet containing 0.1% MacroGard®, a daily dose of 10 mg/kg bodyweight MacroGard® recommended by the commercial supplier (Biorigin, Brazil). Both normal and supplemented diets were provided and formulated by Tetra GmbH (Germany) and the exact composition is described in our previous work [11] .
After 25 days of feeding, 5 fish per group were sampled prior to further experimentation which comprised the injection of each feeding group with 50 μl of either PBS or 5 mg/kg of poly(I:C) (Invivogen, UK) in PBS. Therefore the experiment included four treatment groups i.e. control feeding injected with PBS or poly(I:C) and β-glucan feeding injected with PBS or poly(I:C), each containing 4 fish. Animals were killed by immersion in a lethal dose (1:1000) of 2-Phenoxyethanol (Sigma Aldrich, UK) at 24 h post-injection and liver, spleen, head kidney and mid gut removed and stored in RNAlater (Invitrogen, UK) at −80 °C for analysis of gene expression. See reference [12] for further details about the experimental design.
2.2. RNA isolation and cDNA synthesis RNA was isolated from organs using the RNeasy Mini Kit (Qiagen, UK) following the manufacturer's instructions. The RNA concentration was determined by nanodrop 1000 (Thermo Scientific, UK), normalized with DEPC-treated water (Invitrogen, UK) and stored at −80 °C before cDNA synthesis. cDNA synthesis were carried out by using 0.5 μg of template RNA for a final 20 μl reaction volume. Random hexamers and the Moloney murine leukaemia virus reverse transcriptase (M-MLV) (both from Invitrogen, UK) were used according to manufacturer's instructions in a GeneAmp® PCR System 9700 thermal cycler (Applied Biosystems) at 25 °C for 10 min followed by 30 min at 42 °C. Reactions were inactivated by incubation at 95 °C for 5 min. Samples were diluted 1:10 with DEPC-treated water and stored at −20 °C.
In order to determine the basal expression levels of the carp tlr3 gene sequences, a cDNA library encompassing several tissues (gill, gut, head kidney, mid kidney, liver, muscle, peripheral blood leucocytes (PBL), skin, spleen and thymus) from five different healthy individuals was constructed as described earlier [13] .
RT-qPCR assays were performed as in our previous studies [11] , [12] and [14] , and all genes analysed and primers used (Eurofins MWG Operon, London, UK) are listed in Table 1 (primers for carp mx gene were designed based on sequences retrieved from the carp genome using as template a partial carp mx sequence available in GenBank, accession number: EF635410). Thermal cycling and melting curve conditions were conducted as previously described [11] and [12] . Gene expression results were analysed according to the 2−ΔΔCt method [15] , and data for all treatment groups were compared after the feeding period to the control feeding group and after the treatment with poly(I:C) to the control feeding group injected with PBS. The data obtained for each gene were normalized against those obtained for the expression of the S11 protein of the 40S subunit reference gene (40s) which did not differ significantly at each time point. Data are represented as the mean fold changes ± standard deviation. 
Statistical analysis
Gene expression data were statistically analysed by using two-way ANOVA and Bonferroni's multiple comparisons to determine significant differences between the different treatments and their respective control groups. GraphPad Prism v5 software was used for creating the graphs and statistical analysis.
Searching for tlr3 orthologues in the genome of carp
Using the complete coding sequence of a previously reported carp tlr3 mRNA sequence (GenBank accession number: DQ885910) [16] as template, the common carp genome [17] was screened with the Basic Local Alignment Search Tool (BLAST) (Default algorithm parameters) from the CLC bio Genomics Workbench v4.9 software (CLC bio, Aarhus, Denmark). Predicted open reading frames (ORF) were translated to protein sequence by using the expasy 'Translate' online software (http://web.expasy.org/translate/). Specific primers for each of the two carp tlr3 isoforms were manually designed for gene expression analysis.
In silico analysis of Tlr3 of carp
Tlr3 protein sequences from various fish and non-fish species were gathered from UniProtKB database ( Table 2 ). SignalP v4.1 (www.cbs.dtu.dk/services/SignalP/) was used to predict signal peptide sequences [18] . The multiple alignments of mature protein sequences were performed with ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) [19] and a phylogenetic tree was constructed using the MEGA v4.0 software [20] . Carp Tlr3 TIR domain, transmembrane region or leucine-rich repeats were predicted by using PROSITE (http://prosite.expasy.org/) and manually refined. The molecular weight of the proteins was calculated using the ProtParam tool (http://web.expasy.org/protparam/). Genomic sequences, used for comparing the intron-exon organization of the tlr3 genes of carp with other species, were retrieved from corresponding genome databases (zebrafish and human) in ensembl (http://www.ensembl.org) by performing BLAST with corresponding protein sequences listed in Table 2 as template. Intron-exon gene organization scheme was first drafted by using the online tool at http://wormweb.org/exonintron_old and manually refined afterwards.
Results
Effect of β-glucan-supplemented diets on the expression of selected immune genes
The expression of selected inflammatory-related genes i.e. il1β, il10, tnfα1, tnfα2, cxca and cxcb, and mx ( Fig. 1 ) in carp fed control and β-glucan-supplemented diets changed significantly in the spleen (F = 19.64; p < 0.0001), head kidney (F = 25.26; p < 0.0001) and mid gut (F = 60.24; p < 0.0001) but not in the liver (F = 0.19; p = 0.6635) after 25 days. With the exception of mx, a down-regulation was generally observed for all genes analysed in spleen, head kidney and, particularly, in mid gut tissues when feeding with β-glucan additives. Fig. 1 . Effect of β-glucan-supplemented diet on the transcript levels of selected inflammatory-related genes in immune relevant organs of carp 25 days after experimental feeding. il1β, il10, tnfα1, tnfα2, cxca, cxcb andmx transcript levels were analysed by RTqPCR. Expression levels in the β-glucan-supplemented group are reported as fold change relative to the control feed group (dashed line at y-value equal to 1). Significant differences are represented by * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). Mean ± SD; n = 5.
Mx expression levels however, were slightly up-regulated in liver, spleen and mid gut in the β-glucan fed group ( Fig. 1) , although significant changes occurred in the liver (2.77 fold, p < 0.001) and the mid gut (1.63 fold, p < 0.001) only.
3.2. Effect of β-glucan-supplemented diets on the response to poly(I:C) injection Poly(I:C) injection after 25 days of feeding (MacroGard® or control diet) significantly upregulated the expression of selected inflammatory-related genes in all the tissues analysed ( Fig. 2) , i.e. liver (F = 169.1; p < 0.0001), spleen (F = 16.41; p < 0.0001), head kidney (F = 686.2; p < 0.0001) and mid gut (F = 77.94; p < 0.0001). In β-glucan-supplemented groups all selected genes apart from mx were generally down-regulated in head kidney and mid gut, and to a lesser extent in the spleen. Differences in the expression levels of these genes where not observed in liver except for a moderate, but non-significant, up-regulation in the β-glucan fed/poly(I:C)-injected group. In contrast, a significant increase in mx expression levels were detected for all tissues examined from the β-glucan fed/poly(I:C) injected group when compared to feeding (normal fed/poly(I:C) injection) and injection (β-glucan fed/PBS) control groups. In particular, mx expression levels for the β-glucan fed/poly(I:C) injected group were increased by 1451.9 ± 189.6 fold in the liver, 466.1 ± 226.5 in the spleen, 1007.9 ± 75.6 in the head kidney and 1299.3 ± 292.4 in the gut, therefore about 4, 30, 33 and 121 times more respectively than in the normal fed/poly(I:C) injection group. Fig. 2 . Expression of il1β, il10, tnfα1, tnfα2, cxca, cxcb and mx in the liver, spleen, head kidney and mid gut of 25-days carp fed with experimental diets after 1 day from intra-peritoneal injection with poly(I:C) (5 mg/kg). Expression was determined by RT-qPCR and normalized to 40s gene expression. The gene expression data for all treatment groups were compared to the control group (control diet, non-injected) and represented as the mean fold changes ± SD (n = 4). Significant differences when comparing β-glucan-supplemented diet groups with their associated control diet groups are represented by * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). Groups: □, control diet, non-infected; , β-glucan-supplemented diet, noninjected; , control diet, infected; ■, β-glucan-supplemented diet, infected.
Identification of carp tlr3 genes
Since poly(I:C) injection further increased the expression of mx in all the tissues analysed in carp fed diets with β-glucan supplements in comparison to fish injected with poly(I:C) and fed with a normal diet, it might indicate that β-glucans may be synergizing or converging with the signalling pathways leading to expression of type-I interferon (ifn), which in turn will induce the expression of IFN stimulated genes (ISGs), including mx. In an attempt to explain this fact, we identified carp tlr3 genes and studied their expression in these carp.
A carp tlr3 sequence already available in the database (GenBank accession number: DQ885910) [16] was used as template to search the carp genome for additional tlr3 paralogs. Two tlr3 sequences were retrieved, none of which corresponded to that obtained by Yang [16] . The newly identified carp tlr3 sequences were named tlr3.1 (GenBank accession number: KF387571) and tlr3.2 (GenBank accession number: KF387572) and shared 88% and 90% identity, respectively, in protein sequence with the previous reported carp tlr3 sequence. Tlr3.1 was more similar (82% identity in protein sequence) than Tlr3.2 (81%) to their unique orthologue in zebrafish (Danio rerio). Percentage of identity between Tlr3.1 and Tlr3.2 protein sequences was 90%. In addition, several annotated tlr3 orthologues in fish, and particularly cyprinids, were found in the database by BLAST by using carp tlr3.1 and tlr3.2 predicted ORF nucleotide sequences as templates, which confirmed the reliability of the sequences retrieved.
ORFs for both carp tlr3.1 and tlr3.2 comprised 2715 base pairs (bp) ( Fig. 4A) , coding for 904-amino acids (aa) proteins whose sequences were predicted to have a signal peptide of 21 aa for Tlr3.1 and 22 aa for Tlr3.2 (Fig. 3) . Therefore, the mature protein and estimated molecular weight is corresponding to 883 aa and 100.3 kDa for Tlr3.1 and 882 aa and 100.0 kDa for Tlr3.2 (Fig. 3) . Multiple alignment of amino acid sequences of carp, zebrafish and human Tlr3. Alignment was performed using the Tlr3 complete sequences of carp characterized in this work (ccTlr3.1 and ccTlr3.2), the East-Asian common carp sequence (ccTlr3) and the zebrafish (drTlr3) and human (hsTLR3) ones ( Table 2 ). The putative signal peptide is in bold. Conserved cysteine residues important for LRRNT and LRRCT domains are indicated by an arrow above the alignment. Important residues for the recognition of the TLR3 ligand are boxed. LRRs are numbered and highlighted in grey. The transmembrane region is highlighted in black and TIR domain is underlined by a bold line. All mentioned domains are annotated above the alignment. Sequences are numbered on the right side Gene organization (A) and phylogenetic analysis (B) of carp Tlr3.1 and Tlr3.2. A) Diagram of carp (cctlr3.1 and cctlr3.2), zebrafish (drtlr3) and human (hsTLR3) TLR3 genes. Exons and introns are represented by boxes and lines, respectively. For each gene, inside the boxes corresponding to exons, the signal peptides are indicated by a white box, the LRR regions by stripes, the LRRCTs by white squares pattern, the transmembrane regions by black and white squares patterns and the TIR domains by a grey box. Lengths are scaled and represented in base pair numbers at the bottom of the corresponding introns and exons. B) Phylogenetic tree constructed using amino acid sequences of TLR3 from several organisms. The tree was constructed using the Neighbour-Joining algorithm in MEGA version 5 and bootstrapped 10,000 times. Bootstrap values above 50 are shown next to the branches. Mature protein sequences used for the construction of the phylogenetic tree are provided in Table 2 . Zebrafish and human TLR2 sequences (Q9QUN7 and O60603 UniProtKB accession numbers, respectively) were used as an outgroup. Positions corresponding to carp Tlr3.1 and Tlr3.2 are indicated with (•).
Molecular characterization of carp tlr3 genes
Multiple sequence alignments of the deduced protein sequences (Fig. 3) , including the one previously described for carp and those available from zebrafish and human, indicated that both carp Tlr3 molecules show typical features of Tlr3 family members such as one Nterminal leucin rich repeat (LRR) (LRRNT), 25 LRRs (as for human and catfish (Ictalurus punctatus) [21] ), a C-terminal LRR (LRRCT), a transmembrane and a TIR domain. Amino acids in the extracellular domain of TLR3 noted as important for binding dsRNA ligands, i.e. Hys-17, -28, -86 and Asn-519 [22] and [23] , were localized in the corresponding positions when compared to the Tlr3 sequences of other species (Fig. 3, boxed residues) . tlr3 genomic organization was also preserved in carp since predicted ORFs for both tlr3.1 and tlr3.2 were divided into 4 exons in both tlr3 genomic sequences, as occurs in human and zebrafish ( Fig. 4A) . Nucleotide sequences corresponding to each Tlr3 domain were distributed within the exon in a distribution similar among all organisms compared. Moreover, such conservation was not only noted in the organization of the splicing sites but also in their location since the first two splicing sites were in frame but not the last one (−1) in all the organisms compared.
Phylogenetic analysis was performed based on amino acid sequences (excluding the signal peptide) of known Tlr3 molecules (Table 2) . Bootstrap values were high in the entire phylogenetic tree, with the exception of the split corresponding to olive flounder and nile tilapia Tlr3 molecules. Tlr3 sequences from fish and tetrapods clustered together with a bootstrap value of 100. Reptilian and avian TLR3 sequences branched separately to the mammalian group (99). The Tlr3 from the Western clawed frog diverged from the rest of tetrapods with a bootstrap value of 100, and zebrafish and human Tlr2 formed a distinct clade, proving to be suitable comparative outgroups.
tlr3 constitutive expression in carp
Tissue distribution of tlr3.1 and tlr3.2 mRNA basal levels in naive fish was investigated by RT-qPCR with specific primers that were designed for both genes in a region of the cDNA corresponding to the beginning of the third exon (see primers location in Fig. 3A) . tlr3.1 and tlr3.2 basal expression levels for each sample were normalised relative to the 40s gene. There were similar expression levels for tlr3.1 and tlr3.2 genes in gill, muscle, peripheral blood leucocytes (PBLs) and skin ( Fig. 5) . tlr3.1 was primarily expressed in gut, head and mid kidney, spleen and thymus, whilst tlr3.2 was more expressed in gut, liver and PBLs. Lowest expression values were found in the muscle for both genes and in the liver for tlr3.1. In fact, liver is the only tissue in which tlr3.2 is much more expressed than tlr3.1. None of these values were statistically significant since variability within individuals was high primarily due to tlr3.1 ( Fig. 6) . Effect of β-glucan-supplemented diet on the transcript levels of carp tlr3.1 and tlr3.2 in liver, spleen, head kidney and mid gut of carp 25 days after experimental feeding. Both tlr3 genes transcript levels were analysed by RT-qPCR. Expression levels of β-glucan-supplemented feeding samples are reported as fold change relative to the control feeding samples (dashed line at y-value equal to 1). Significant differences when comparing β-glucan-supplemented diet groups with their associated control diet groups are represented by * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). Mean ± SD; n = 5.
Effect of β-glucan-supplemented diets on the gene expression of carp tlr3 genes
The expression of both tlr3.1 and tlr3.2 was significantly influenced after 25 days of feeding with β-glucan-supplemented diets (F = 52.29; p < 0.0001 and F = 23.86; p < 0.0001, respectively). tlr3.1, was significantly up-regulated in spleen (3014.6 ± 900.1) and head kidney (3043.5 ± 1893.3) of β-glucan fed fish when compared to fish fed the control diet. tlr3.2, was also significantly up-regulated in β-glucan fed fish, although to a lesser extent than tlr3.1, up-regulation was found in head kidney (4.7 ± 1.7) and mid gut (4.1 ± 1.9) from β-glucan fed fish compared to their corresponding control groups (p < 0.001; p < 0.01, respectively).
Discussion
This work has shown that feeding a β-glucan-supplemented diet to carp affects the modulation of inflammation-related genes and genes involved in the interferon response, such as mx. After 25 days of feeding a β-glucan-supplemented diet, a general down-regulation of the expression of selected pro-inflammatory genes was observed. Down-regulation was significant in spleen, head kidney and, in particular, in the mid gut, confirming our previous results [11] and supporting our suggestion that β-glucans may prevent an acute and potential dangerous response in gut. Specific leucocyte types may however respond differently to β-glucan although, as it was shown recently by Pietretti et al. [24] when glucans from different sources increased the transcript levels of il1β, il6 and il10 in head kidney derived macrophages. Conversely, the analysis of mx expression showed moderate up-regulation in liver and gut in the β-glucan fed group.
Poly(I:C) did not significantly affect the expression of il1β, il10, tnfα1, tnfα2, cxca and cxcb genes in any of the tissues analysed 25 days after feeding whereas mx expression was significantly up-regulated in the poly(I:C)-injected group, and even greater in the β-glucan fed and poly(I:C)-injected group. These results are consistent with the few studies carried out on fish treated with β-glucan, where mx expression was increased and conferred protection to virus infection [9] , [10] and [25] . For example, Kim et al. [9] observed that grass carp challenged with grass carp haemorrhage virus (GCHV) presented higher and prolonged levels of mx expression together with 3 times higher fish survival rates when injected with β-glucan derived from Poria cocos 85 mycelia 15 days prior to infection. In a more recent study [10] , groups of Pacific herring (C. pallasii) that were fed with β-glucan containing diets for 40 days had approximately double the survival rates of the control groups after challenge with viral haemorrhagic septicaemia rhabdovirus (VHSV). In Atlantic salmon (Salmo salar) [25] , gene expression of mx was determined in response to administration of PAMPs including β-glucan and it was shown that the latter had no effect on mx expression. This supports the observations made by Kim et al. [9] and the work described herein, which revealed that another stimuli such as virus [9] or poly(I:C), respectively, are needed to induce the expression of mx. In mammals, it was also shown that bone marrow derived-dendritic cells from mice were synergistically induced to produce Ifnβ when co-stimulated with zymosan (a cell wall extract from Saccharomyces cervisiae) and poly(I:C) in vitro [26] .
Since feed supplemented β-glucan was facilitating the induction of mx when treating with poly(I:C), the pathways that are activated by double-stranded RNA (dsRNA) or its chemical analogue, such as poly(I:C), might be promising candidates to investigate further as it is known from studies in mammals that these specific pathways have low convergence with other pathways that generally lead to transcription of pro-inflammatory cytokines such as those that were not regulated in our investigation [17] and [18] . Unfortunately the complexity of these pathways and the fact that many of their components have not been fully characterized in fish make selection of the molecule to study a difficult task. However, the fact that in our studies the mx expression levels were increased, it is likely that the molecule of interest would be at the beginning of that signalling cascade, and therefore, it could be a receptor. There are a number of possible receptors which bind exogenous RNA, for example RIG-I [27] , MDA5 [28] , TLR3 [29] , TLR7 [30] , TLR22 [31] , and the one that was selected to investigate in this study, TLR3. TLR3 constitutes by itself a different subfamily of TLRs [32] . Together with TLR7, TLR3 is expressed in the endosomal compartment and complements TLR7 function by detecting dsRNA [29] , however, localization of human TLR3 on the cell surface has also been reported [33] . TLR3 is one of the most studied TLRs and several homologues have been found and characterized in different fish species, i.e. zebrafish [34] and [35] , rare minnow (Gobiocypris rarus) [36] , grass carp [37] , common carp [16] , rohu (Labeo rohita) [38] and catfish [21] . TLR3 seems to play an important role in the antiviral defense in all vertebrates studies including fish where it has been reported that polymorphisms/haplotypes of Tlr3 in grass carp have significant association with resistance/susceptibility to GCRV [39] . The previously reported common carp tlr3 sequence [16] was found to be a different gene to the ones described here and despite further search within the current version of the carp genome, no more tlr3-like sequences were discovered. The presence of two tlr3 genes in common carp is not surprising though since the genome of this organism is duplicated. In addition, efforts to amplify and sequence the previous carp tlr3 sequence using specific primers in samples obtained from our fish failed (data not shown). Apart from the fact that the carp genome available is still incomplete, another explanation could be that different strains of carp were used in the studies carried out by Yang [16] and described here, i.e. European and East-Asian common carp (C. carpio carpio and C. carpio haematopterus, respectively). Although these diverged more than 500,000 years ago [40] both are commonly used in aquaculture and laboratory research. tlr3 gene expression has been detected in a wide range of tissues of different cyprinid species, with high levels of expression being recorded in skin, liver, gut, gills and spleen [16] , [35] , [36] , [38] and [41] . Studies on the tlr3 genes reported here have confirmed this differential gene expression in organs, for example carp tlr3.1 is highly expressed in mid gut, head kidney and mid kidney, spleen and thymus whilst carp tlr3.2 is predominantly expressed in mid gut, liver and PBLs. In addition, we have shown for the first time that this differential expression appears to be affected by diet as β-glucan-supplemented diets induced different gene expression levels of both carp tlr3 paralogs in different tissues with the exception of the liver. tlr3.1 showed the highest levels of expression after feeding with β-glucans. Interestingly, in a recent publication [42] it has been shown that in murine macrophagederived RAW264.7 cells a significant increase in the transcript levels of other receptors involved in sensing viral components, i.e. RIG-I and MDA5, occurred 5 h after stimulation with β-glucan purified from Aureobasidium pullulans. Moreover, pre-treatment with this β-glucan compound conferred protection against the A/Puerto Rico/8/34 (PR8; H1N1) strain of influenza virus in vitro (RAW264.7 cells) and in vivo in orally administered mice [42] . Altogether, these results suggest an evolutionary conserved protective activity of β-glucans by means of increasing the sensitivity of treated cells to viral components.
In conclusion, we have found and described two tlr3 genes present in European common carp and have shown that β-glucan-supplemented diets orally administered increased the transcript levels of both. We have also shown that there is a differential expression profile where for example tlr3.1 was primarily up-regulated in the spleen, head kidney and mid gut whilst tlr3.2 was up-regulated in the head kidney and mid gut. We suggest that the up-regulation of tlr3 genes may explain why the injection of poly(I:C) specifically increased the expression levels of mx among other cytokines analysed, which is in concordance with reported increases of protection against viral pathogens conferred by β-glucan compounds in fish [9] and [10] and mammals [42] . Further assays on the expression levels of other virus sensing receptors in response to β-glucan and/or the functional groups from β-glucan with this activity are required to better understand the immunological activities of this immunostimulant and its role in virus defense.
